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ABSTRACT 
A study has been made of t h e  f e a s i b i l i t y  of adding k i n e t i c  
energy t o  t h e  supersonic exhaust of a shock tunnel  by revers ing  
the  flow d i r e c t i o n  with a high speed p i s ton .  A c r i t i c a l  element 
of t h e  concept, t he  180 turn ing  passage, has been s tud ied  
experimentally t o  determine t h e  q u a l i t y  of t h e  flow and p res su re  
recovery of the  reversed stream. A scheme of t h e  o v e r a l l  f a c i l i t y  
design i s  presented with approaches t o  ind iv idua l  problem a r e a s  
0 
indicated.  
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I. INTRODUCTION 
The performance requirements of f a c i l i t i e s  fo r  ground 
t e s t i n g  a r e  t r a d i t i o n a l l y  d ic ta ted  by the  theo re t i ca l  concepts 
and advanced designs under invest igat ion by aerodynamicists. 
Such f a c i l i t i e s  have increased i n  capab i l i t y  a s  more advanced 
configurations have been studied, a s  new reentry vehicles  and 
high performance power-plants have been developed. It  has o f t en  
been necessary t o  accept compromises i n  the  simulation of f l i g h t  
conditions t o  enable t e s t s  t o  be performed. Such compromises 
have involved model scal ing,  separate t e s t i n g  of system components, 
shor t  t e s t  t i m e s ,  and reduced energy and temperature l eve l s ;  how- 
ever ,  now t h a t  a new range of higher performance configurations a r e  
under consideration compromises a r e  no longer allowable i n  tmmperature 
and energy. The importance of hea t  t ransfe ' r  processes with t r u e  energy 
and pressure conditions has increased w i t h  the  i n t e r e s t  i n  an t i -  
ICBM m i s s i l e s  and maneuverable re-entry bodies. Engineers a r e  
in t e re s t ed  i n  the  changes i n  aerodynamic performance wrought by ,real 
gas e f f e c t s .  With t h e  development of supersonic combustion, t he  
chemistry of energy re lease ,  reaction r a t e s  and non-equilibrium 
flow phenomena a t  r e a l i s t i c  temperatures and pressures have become 
prime processes of i n t e r e s t .  I n  the i n t e r e s t  of higher performance 
ground t e s t  f a c i l i t i e s ,  GASL has considered a l t e r n a t e  ways of 
providing a b e t t e r  simulation of high speed environment. 
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Present facilities provide high enthalpy levels for short 
test times through shock tunnels and other impulse type devices 
such as the "hot shot" tunnel, which uses electrical discharge. 
In the latter type facility materials have tended to limit 
stagnation conditions. In steady state of plasma-type facilities 
the ability to apply high pressures is limited by the increased 
losses of the plasma jet at elevated pressure. Even in these 
latest type facilities static pressures and temperatures are low. 
The facility under consideration in this report proposes to 
produce high temperatures and pressures through a theoretically 
simple kinematic energy addition device. We shall hereafter refer 
to this device as the PGA or Piston Gas Accelerator. In the PGA 
the high stagnation conditions are truly never seen by elements of 
the PGA until the test chamber is reached and the model is exposed 
to the full stagnation conditions. 
The practical implementation of the PGA requires answers 
to certain problems in fluid mechanics and structural design. 
aerodynamic efficiency of the total system depends on the efficiencies 
of components which have not heretofore been tested under conditions 
as exist in the PGA. 
sealing and removal of flow barriers within the system. Thus, the 
purpose of the present study has been to examine these problems to 
experimentally define realizable efficiencies and to indicate the 
method of sealing and removing barriers in a preliminary design. 
The 
Design of flow passages poses problems 135 
2 
1 
1 
I 
I 
I  
i 
I 
I 
I 
I 
I 
I 
I 
1 
The current effort has been bases on adpating the GASL shock tunnel 
or its- equivalent to the PGA energy-addition system. 
of the performance potential of the PGA has been predicted on very 
high energy and pressure inputs generated by an advanced performance 
shock tunnel. However, we feel that a lower performance which would 
be produced through our own shock tunnel is a large step in advance- 
ment of test conditions and could be produced much sooner than if a' 
complete facility were to be built including the input and the 
energy additive stages. 
Early estimates 
This final report presents 
a review of themethods and principle of operation 
of the PGA 
a projection of what could be done in a new facility 
a projection of what can be done in the GASL installation 
a general scheme for erection of the facility 
the test results of a program in which a critical 
component has been examined 
a preliminary design of several key components 
a projection of costs to develop the facility 
a tentative schedule for  procurement and erection of 
the facility 
3 
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11. THEORY OF OPERATION O F  THE HIGH ENTHALPY DEVICE 
The basic  pr inc ip le  of the  GASL Piston Gas Accelerator f o r  
high energy a i r  i s  the accelerat ion of a i r  which i s  a t  an i n i t i a l l y  
high veloci ty  and temperature. Thus, t h e  t o t a l  system requires  
two stages, the f i r s t  stage being a high energy a i r  source and 
t h e  second s tage being t h e  acce lera tor .  The performance of t he  
t o t a l  system is  improved a s  the  energy l e v e l  of t he  
first stage i s  increased. Consider t h a t  f o r  a f ixed incremental 
ve loc i ty ,  the  t o t a l  enthalpy (which i s  proport ional  t o  the  square 
of the  f i n a l  ve loc i ty)  i s  much g rea t e r  i f  t h e  i n i t i a l  ve loc i ty  i s  
grea te r .  
The process can be described a s  follows: discharge a i r  
from a shock tube i s  expanded i s en t rop ica l ly  through a nozzle and 
i s  introduced i n t o  a second s tage which contains a moving pis ton.  
This second stage,  which i s  the  p is ton  gas acce lera tor  (PGA), 
accelerates  the  high ve loc i ty  a i r  and thus increases  i t s  t o t a l  
k i n e t i c  energy. If repeated passes through t h e  PGA a r e  made, t he  
number of increments t o  the  t o t a l  k i n e t i c  energy can be increased. 
T h e  highest ve loc i ty  a i r  i s  subsequently discharged from the  PGA 
through a t e s t  nozzle t o  reach t h e  des i red  t es t  sec t ion  conditions.  
A schematic diagram of the  overa l l  system i s  shown i n  Figure 1. 
The kinematic p r inc ip l e  of operat ion of t he  PGA can be simply 
described by considering a s ing le  pass system as shown i n  Figure 2. 
A pis ton incorporating an i n t e r n a l  flow passage i s  propelled t o  
the  l e f t  a t  an absolute ve loc i ty  u by gas pressure ac t ing  on i t s  
4 
base. The internal passage of this piston consists of a flow duct 
which changes direction of the air by 180 . Air from the shock 
tube is directed toward the moving piston with an absolute velocity 
to the right V, so that the air velocity relative to the piston is 
W = U+V For simplicity of presentation it is assumed that 
relative velocity of the air leaving the piston equals the relative 
velocity entering, 
static and stagnation pressures. 
absolute velocity of the air leaving the piston becomes W,+U, 
or V, + 2U. 
0 
1 1- 
(Wi=-W2) so that pressure losses are felt in both 
Thus, for a 180° turn the 
The system considered in detail in this report features a 
0 piston having two turning passages displaced 90 from each other. 
Sketches indicating the flow through the PGA are shown in Figure 3. 
Air from the shock tube enters the PGA at A at a velocity of V,and 
is directed toward a moving piston traveling at a velocity U. Air 
is turned 180° by the first piston passage so that the absolute 
velocity leaving the first turn ofthe piston becomes y+2U.  The 
air is then directed toward a stator or fixed turning vane and re- 
enters the piston through the second turning passage at B, thereby 
being turned a second 180 0 to produce a final absolute velocity V,= 
Y+4U. 
the final air velocity. The air at this final velocity is then 
passed through an expansion nozzle to attain the static pressure and 
temperature desired in the test section. 
Additional passages could have been added to further increase 
5 
To efficiently use the limited time interval of steady state 
discharge from the shock tunnel source, optimization schemes were 
studied wherein inlet, fixed turning passage, and discharge stations 
were staggered in various combinations. Figures 4a and 4b indicate 
the apparent increase in test time which can be realized by displacing 
the turning passage and discharge port. However, as the piston 
passes the inlet port andcuts off the flow, an expansion wave is 
propagated into the flow as indicated by the dotted line in 
Figures 4a and 4b. The pressure and velocity behind the expansion 
wave i t a  altered and the uniform-flow test time is shortened. 
Figure 4c shows the flow kinematics of unstaggered ports and turbing 
passage. This arrangement provides the longest useful test time. 
On each of these figures the shock tunnel discharge has been assumed 
to flow for 5 milliseconds at 10,000 ft/sec and the piston has moved 
at 3,000 ft/sec. The diagram shows how the 5 millisecond flow time 
is reduced by the ratio of initial to final velocities. There is an 
additional loss in testing time of less than 1 millisecond from the 
unsteady flow of the initial expansion to the 10,000 ft/sec through 
the throat of the shock tube. An additional loss will also be created 
by the non-steady flow at the discharge port, at which point a final 
adjustment of flow is made to the test conditions. 
The thermodynamic cycle of this device is described by 
Figure 5 which shows the cycle on a Mollier diagram. 
at a total temperature and pressure as indicated at Point A ,  is 
Air discharged 
6 
expanded i s en t rop ica l ly  t o  one atmosphere, a t  po in t  B. An increment 
i n  t o t a l  enthalpy ( the  increase i n  k i n e t i c  energy of t h e  gas 
created by t h e  12,000 fps  veloci ty  increase provided by t h e  p is ton  
gas acce lera tor )  would i sen t ropica l ly  synthesize a t o t a l  tempera- 
t u r e  and pressure,  a s  shown a t  Point C. However, i n  t h e  process 
there  i s  a pressure loss  and entropy increase t o  the  same 
t o t a l  enthalpy but  a new t o t a l  pressure,  along t h e  dot ted  l i n e  
t o  Point D. The gas a t  condition D i s  i s en t rop ica l ly  expanded t o  
300 K ,  as shown a t  Point E. 0 
7 
111. THEORETICAL CAPABILITY 
Figure 6 shows the performance envelope of a l t i t u d e s  and 
ve loc i t ies  t h a t  can be a t ta ined  with shock t u n n e l  t o t a l  temperatures 
between approximately 2500 K and 8500 K and pressures between 1000 
atmospheres and 6000 atmospheres. A pressure recovery of 1/8 f o r  
t he  t o t a l  accelerator  cycle has been assumed and a pis ton veloci ty .  
of 3000 ft/sec has been assumed t o  produce a t o t a l  ve loc i ty  increment 
of 1 2 , 0 0 0  ft/sec i n  a double pass c i r c u i t .  Figure 6 a l s o  ind ica tes  
t h e  incident shock Mach numbers which would be required t o  produce 
t h i s  envelope of t e s t i n g  conditions: shock Mach number i s  an 
equivalent measure of the stagnation temperature requirements for  
the shock tunnel f a c i l i t y .  For t a i l o r e d  in t e r f ace  operation, 
incident  shock Mach numbers between 6 and 9.5 are possible  with 
t h e  dr iver  containing e i t h e r  cold hydrogen gas,  helium with 
hydrogen-oxygen mixtures added, o r  heated hydrogen a t  a temperature 
of 1200° Rankine. 
0 0 
i 
~ 
I 
I 
1 
1 
I 
1 
I 
I 
1 
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I 
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IV. CAPABILITY OF PGA WITH GASL SHOCK TUBE 
Figure 7 shows the envelope of flight conditions which can 
be reproduced in a test chamber after the PGA has accelerated a 
shock tube discharge of 100 to 300 atmospheres. A pressure recovery 
of 1/8, and a velocity increment of 12,000 ft/sec have been 
assumed. Lines of constant stagnation temperature of input gas 
are also given on this figure. The arbitrary recovery of 1/8 is 
based on a 50% loss in each of the three successive turns of the 
PGA. However, even if this recovery were substantially poorer 
the performance of this facility remains high. Note the 
equivalent pressure-altitudes between 30,000 ft and 240,000 ft. 
The stagnation pressure corresponding to Point I on Figure 7 is 
250,000 atmospheres and the pressure corresponding to Point I1 is 
500,000 atmospheres but the static pressure in the PGA remains on 
the order of 1 atmosphere. If each turn developed a 25% recovery, the 
stagnation pressures would be respectively 30,000 and 60,000 atmospheres. 
Total enthalpies of F r l r i t s  I and. II are approximately 5300 BTU/pound 
and stagnation enthalpies of I11 and IV are approximately 11,400 BTU/lb. 
Higher initial temperatures (as Foints I11 and IV with initial 
stagnation temperatures of 5000 K) produce low test section pressures 0 
0 because of the expansion required to match the 300 K static test 
section temperature. No currently existing facility can match these 
energies and pressureswith running times on the order of milliseconds. 
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The range of shock tunnel conditions here in  described 
are eas i ly  produced and duplicated i n  GASL shock 
tunnel through appl ica t ion  of  t h e  double diaphragm technique 
on f i r i n g  a dr iver  mixture of helium hydrogen and oxygen. The tunnel 
has been designed f o r  a pressure of 2000 atmospheres, bu t  t he  
reproducibi l i ty  of pressures  and temperatures (through combustion 
f i r i n g  of the d r ive r )  i s  less dependable a t t h e  higher pressure l eve l s .  
The double diaphragm technique provides discharge f o r  near ly  2 0  . 
milliseconds whereas combustion f i r i n g  a t  high pressures  furn ishes  
5 milliseconds. 
I f  the r e s u l t s  of t h e  preliminary t e s t  program (see Section V I I . )  
represent  t he  best  poss ib le  performance of each component of the 
f a c i l i t y ,  t he  over-al l  pressure r a t i o  would be t h e  product of a 
50% recovery i n  each of 3 turning passages, a 500/0 recovery i n  each 
of  4 ducts,  and  500/, recovery i n  both t h e  en t ry  and t h e  discharge 
por t s .  The t o t a l  recovery would thus be .002 ins tead  of .125. How- 
ever ,  t h e  losses  i n  t h e  en t ry  po r t  from a poorly fabr ica ted  passage 
can be reduced; t h e  l o s ses  i n  t h e  constant area duct which r e s u l t s  
from t h e  non-uniform enter ing  flow can be s imi l a r ly  reduced. With 
good design t h e  combined en t ry  por t ,  discharge p o r t  and cons tan t  
a rea  duct losses  should nb t  be more than  5@% i n  t o t a l .  A r e a l i z a b l e  
f a c i l i t y  pressure r a t i o  thus  becomes .06 and t h e  envelope of Figure 7 
l 
I 
I 
I 
s h i f t s  as shown by the dot ted  l i n e .  I 
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V. APPLICATION OF PGA TO GASL FACILITY 
The PGA cons is t s  of a combustion chamber t o  furnish the  
accelerat ing force t o  the  piston, an accelerat ion cyl inder  through 
which the  piston a t t a i n s  i t s  t e s t  veloci ty ,  a t e s t i n g  sect ion i n t o  
which the  t e s t  gas i s  ducted and i n  which i t s  k i n e t i c  energy i s  
increased, a t e s t  chamber i n t o  which the gas i s  ducted f o r  t he  ac tua l  
tes t ,  and a decelerat ion cylinder i n  which the  p is ton  i s  stopped. 
T o  incorporate a pis ton gas acce lera tor  with the  GASL shock 
tube f a c i l i t y  the following arrangement i s  envisioned: A second 
driven tube would be mounted t o  t h e  present  dr iver  as shown i n  
Figure 8. This driven tube would discharge i n t o  t h e  tes t  sect ion 
passage of the pis ton gas accelerator  as shown. The p is ton  would be 
accelerated through a 6 0 '  length of cylinder driven by the products 
of combustion of a helium-hydrogen oxygen mixture. The t r a j ec to ry  
of t h e  pis ton,  which has been determined by the  methods of Ref. 8 
i s  shown i n  Figure 9 fo r  an assumed y = 1.5 and speed of sound, a = 
6000 fps.  A t  the  end of the 60 '  t he  p is ton  would be moving a t  a 
ve loc i ty  of 3000 ft/second a f t e r  an i n i t i a l  acce le ra t ion  of 40GG g's 
which during the  t r a j ec to ry  would have dropped t o  a l e v e l  of 
approximately 2000 g ' s .  The maximum driving pressure t o  produce 
t h i s  accelerat ion would be 2200 psi a t  t h e  i n i t i a t i o n  of t he  tes t  
cycle .  
0 
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Immediately before enter ing the test  sect ion the pis ton would 
pass a discharge por t  and the  accelerator  tube would be vented t o  
reduce the driving pressure behind the  pis ton.  I n  t h i s  manner a 
constant veloci ty  "s t roke" would be maintained during the  t e s t  cycle.  
The length of t e s t  sect ion i s  defined by the  pis ton ve loc i ty  and the  
t i m e  during which high temperature, high pressure a i r  i s  del ivered 
from the  shock t u b e .  Thus, i f  a 20  millisecond discharge could be 
delivered by the  GASL shock t u n n e l  t o  a 3000 fps  pis ton,  a s i x t y  
foot  test  sect ion would be required. I f  t he  t u n n e l  only del ivered I 
I 
5 milliseconds, a 15  f t .  sect ion would be required. 
A t  t h e  end of t h e  t e s t  sect ion of the  PGA a r e  located the  entry,  
turning passage and e x i t  of t he  t e s t  sect ion;  t he  e x i t  would i n  tu rn  
duct d i r ec t ly  i n t o  a t e s t  chamber, a s  shown i n  Figure 8. Following 
the  tes t  section of t he  PGA a n  addi t iona l  60 f t .  length has been 
allowed for decelerat ion of the  pis ton.  Such decelerat ion would be 
accomplished by combustion of a mixture of a i r  and hydrogen contained 
behind a diaphragm. The combustion would be so coordinated a s  t o  
produce a pressure a f t e r  combustion of 600 psi as t h e  p is ton  reaches 
t h e  entry t o  the  deceleration cylinder.  With such a pressure 
impeding t h e  pis ton motion the  decelerat ion could be complete within 
less than 60 f t  without t he  bui ld  up of pressure through r e f l e c t i o n  
of t he  compression waves a t  t he  downstream end of t h e  decelerat ion 
cylinder.  The t r a j ec to ry  during such a dece lera t ion  is  shown i n  
Figure 10. 
decelerate  even f a s t e r .  
If these r e f l ec t ions  w e r e  a l s o  accepted the  p i s ton  would 
To p ro tec t  t h e  cy l inder  aga ins t  excessive 
12 
pressures during the deceleration a system of blow-off valves or 
blow-out patches could be incorporated into the end of the cylinder. 
Because the test conditions will vary, the test cylinder 
length should be amenable to changes for different operating times. 
Although the performance potential with combustion operation of the 
GASL shock tunnel is very high as indicated by Points I11 & IV on 
Figure 7, the available test time of 5 milliseconds of discharge 
from the shock tunnel is reduced (for example at Point IV) to 
-- x 5 or 2.4 milliseconds. 
22880 
On the other hand, cold tests such as at Point I1 of Figure 7, 
have an available shock tunnel discharge of 20 milliseconds which is 
reduced to - 4240 x 20 or 5.2 milliseconds. The facility as 
envisioned would produce either test conditions if the test section 
16240 
lengths were properly adjusted. 
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V I .  AERODYNAMIC DESIGN 
The 1 8 O U  turning passage which w i l l  be incorporated i n  the 
accelerator  piston i s  designed t o  take advantage of supersonic 
vortex flow i n  which a l l  streamlines a r e  concentr ic  circles with 
constant veloci ty  along each streamline. The  ve loc i ty  of each 
streamline var ies  inversely w i t h  t h e  r a d i a l  dis tance from a 
common center. T h e  design e f f o r t  requires  only the i n i t i a l  
establishment of vortex flow, a f t e r  w h i c h  t h e  turning passage can 
be rotated through as many degrees of turning as required f o r  the 
par t icu lar  design. I f  viscous e f f e c t s  could be discounted, t h e  
flow could continue t o  be turned through any angle with no change 
i n  the velocity of each streamline. The basic design problem 
i s  t o  es tab l i sh  the t r a n s i t i o n  surfaces p r i o r  t o  the  region of 
v o r t i c a l  flow whereby the  enter ing f l o w ,  which i s  assumed t o  be 
uniform, i s  compressed by one wall  and expanded by the  other  w a l l  
t o  es tab l i sh  t h e  vortex p r o f i l e  across the  turning passage. 
The methods used i n  development of t h e  turning passage f o r  
t h i s  project are e s s e n t i a l l y  those methods l i s t e d  i n  Reference 2. 
However, i n  t h e  present ana lys i s ,  w e  have discarded the  i d e a l  gas 
( Y  = 1.4) assumption made i n  t he  referenced report  because Of the  
high temperature of gases t h a t  w e r e  expected t o  be used i n  the  f l o w ,  
and have applied r e a l  gas equilibrium properties. In  addi t ion,  the 
present turning passage i s  designed f o r  higher Mach numbers, and 
f o r  la rger  turning angles than w e r e  used i n  the  referenced report. 
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The method of design for the transition arc is as follows: 
Along one radial line (see Figure 11) a vortical velocity distri- 
bution is assumed. This velocity distribution should bracket the 
desired entering Mach number 
number (M.) on the inside of 
uniform flow Mach number and 
1 
for uniform flow: that is, the Mach 
the turning passage should be above the 
on the outside of the passage it(M ) 
0 
should be below this Mach number. The total variation should not 
be too great in order to minimize the amount of compression or 
expansion by the transition arc. There is an element of trade-off 
involved, however, in the choice of velocity distribution. To 
enable development of a passage in which the cross-section flow 
area is large compared to the total cross-section, the Mach variation 
is greatest and the contraction area ratio is also greatest. If 
however, small variation in Mach number is desired, the flow area 
becomes a small portion of the total projected piston frontal area. 
Thus, in Figure 12, w/W varies with Mi/Mo. 
As show~i iii Figure  11; the Mach number distribution assumed 
varies from Mach 2.8 at the outside to Mach 4.14 at the inside 
of the turn. The design then proceeds in reverse by defining the 
number of degrees of expansion (30.1 ) required to raise the lower 0 
Mach number to the initial free stream value (M=4) and the amount of 
compression (2.4 ) to drop the higher Mach number to the free stream 
value. Inasmuch as a different amount of turning is required on 
each surface, the vortical flow will continue on *he inner surfnee 
0 
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0 for the difference (27.7 ) required to reach a common Mach 
number as is shown in Figure 11. When the initial point on 
each of the walls for the start of vortical flow has been established 
then the characteristic network upstream is developed which contains 
the vortical flow distribution (area abc). Thereafter, waves of 
compression or expansion are projected from the final Mach lines . 
as indicated (in area dbc and eba) to define the flow direction at 
the wall which will produce the two families of waves which develop 
the known characteristic network. Streamlines traced through these 
waves define the transition arcs. After eachof thetransition arcs 
has been developed a uniform flow should result at the farthest 
upstream station. 
The number of total degrees of rotation from the incoming flow 
to the point of established vortical flow (30.1O) should be subtracted 
from 90 and the vortical flow should continue downstream for the 
balance of 59.9 . The flow passage thus developed is repeated in 
mirror image from the 90 point onward so that the full 180 passage 
is developed. At the downstream termination of vortical flow the 
0 
0 
0 0 
compression-expansion procedure would be reversed, that is, the 
outer wall would now be producing an expansion from the vortical 
flow to raise the Mach number to the free stream value and the inner 
wall would be compressing or decelerating the flow to the same Value. 
The coordinates of the 180 
given in Table I. Figure 13 shows a photograph of the turning section. 
0 passage as defined in Figure 12 are 
16 
To develop the characteristic network with equilibrium real 
gas properties a table of such properties was developed. From an 
assumed total temperature and pressure (5240 K and 320 atmospheres) 
of the discharge conditions of the combustion-driven shock tube, 
a total enthalpy and entropy value were determined on a Mollier 
Chart (Ref. 3 ) .  The static enthalpy, static temperature and pressure, 
0 
speed of sound and Mach number were determined for a range of 
assumed velocities. By the method recommended in Reference 4 as 
indicated below, the Prandtl-Meyer turning angle vs. Mach number 
variation was determined. 
Where : 
a is the local speed of sound 
F = -  n is the local gas velocity 
N is the Prandtl-Meyer turning angle 
U2 
2 ,  
Therefor e : 
where: 
U du2 (u; - u2 
M = - , Mach Number and - * * a U2 
u2 + u2 n n- 1 
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Figure 14 shows N versus M and Figure 15 shows u versus M 
f o r  t he  stagnation conditions which have been chosen, 
In  addition t o  design of t he  180° turning passage, it was 
intended i n  t h i s  pro jec t  t o  provide a design f o r  the  en t ry  turn  
through which gas would be introduced in to  the  pis ton gas 
accelerator .  The t e s t  apparatus was therefore  designed t o  provide 
acceleration and flow turning from t h e  shock tunnel t h roa t  i n t o  a 
constant area duct before enter ing t h e  180 turning passage. A 
schematic diagram of t h e  t e s t i n g  c i r c u i t  i s  shown i n  Figure 16. The 
i n i t i a l  expansion t o  t h e  nominal Mach 4 flow w a s  accomplished by 
symmetric two-dimensional nozzle t o  Mach 3.4 based on the  s a m e  
turning angle - Mach number dependence of Figure 14, and a subsequent 
14 turning passage based on Prandtl-Meyer one-wave flow t o  develop 
the f i n a l  Mach number M = 4. The basic c h a r a c t e r i s t i c  system i s  
indicated i n  Figure 17.  
0 
0 
A n  approximate sca l e  drawing of t he  i n i t i a l  turning passage 
i s  shown i n  Figure 18 and the  coordinates of t h i s  system are l i s t e d  
i n  Table 11. The coordinates have been corrected f o r  boundary l aye r  
displacement thickness by t h e  method of Reference 5. The s ide  w a l l s  
have a constant width of 2.15 inches and the  contoured wal ls  include 
a correction fo r  t he  boundary layer  of t h e  s i d e  walls.  
The assumption of equilibrium f l o w  through t h e  nozzle was 
examined. Reference 6 ind ica tes  t h a t  r e l axa t ion  t i m e s  defined 
by shock tube experiments are 15 t i m e s  as long as those which have 
1 3 
been measured i n  an expansion nozzle. W e  assumed the  re laxa t ion  
t i m e  of Figure 19 ,  shown i n  t h e  reference from shock tube r e s u l t s ,  
which i s  shown t o  be conservative. Consider t h a t  a gas p a r t i c l e  
requires  approximately 235 microseconds t o  t r a v e l  from t h e  
t h r o a t  t o  t h e  Mach 4 s t a t i o n  with t h e  pressure varying from 180 
t o  1 atmosphere and t h e  temperature from 4780 K t o  2050 K. 
Corresponding re laxa t ion  t i m e s  a re  -03 microseconds a t  Mach 1 and 
150 microseconds a t  Mach 4. The two-dimensional nozzle geometry 
requi res  a very sho r t  length for t h e  s y m m e t r i c  expansion and 
a much g rea t e r  length f o r  t h e  turn. Equilibrium flow thus appears 
t o  be a s a f e  assumption. 
0 0 
t 
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V I I .  TEST PROGRAM. AND RESULTS 
Although a theo re t i ca l ly  va l id  scheme has been conceived, 
analyzed and designed, the  performance of the  p is ton  gas 
accelerator  requires  a s a t i s f a c t o r y  recovery i n  t h e  180 turning 
passage. The analysis  has assumed a 500/0 recovery within any 
one turning passage. However, no previous experimental work 
has furnished r e s u l t s  which j u s t i f y  such an assumption i n  the 
present  configuration. I t  was therefore  required t h a t  a t es t  
program be conducted t o  ind ica t e  the f e a s i b i l i t y  of turning 
supersonic flow through 180° w i t h  reasonable recoveries.  
addi t ion,  since the design of t he  i n i t i a l  en t ry  i n t o  the t es t  
sec t ion  cylinder was a p a r t  of t h e  cont rac t  work statement, t he  
experimental program was devised so t h a t  t he  en t ry  could a l s o  be 
experimentally invest igated.  
0 
I n  
The t e s t  program has been conceived a s  t h r e e  d i s t i n c t  series 
of tes ts ,  t o  determine t h e  flow a t  t he  following s t a t i o n s :  
A )  the  end of the  i n i t i a l  en t ry  passage, which 
acce lera tes  and t u r n s  t h e i n i t i a l  flow 
B) t h e  end of a constant-area duct 
C) the  discharge from the  180° turn ing  passage, 
as  shown i n  t he  schematic tes t  set-up of Figure 16. 
The t e s t s ,  hereaf te r  described, a r e  out l ined  i n  Table 111. 
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Proqram A)  Because t h e  d ischarge  of each element e f f e c t s  t h e  
performance of a l l  subsequent elements, t h e  tes t  program i n i t i a l l y  
examined t h e  discharge of  t h e  14 i n i t i a l  e n t r y  passage, t h e  f i r s t  
0 
I 
I 
I element. The r e s u l t s ,  which were r epor t ed  i n  Reference 7 ,  are 
shown i n  F igures  20 and 21 .  They i n d i c a t e  t h a t  t h e  i n i t i a l  expansion 
and tu rn ing  passage does no t  provide uniform flow a s  hoped f o r ,  
under t h e  double diaphragm t e s t  cond i t ions  of t e s t  N1 through N5. 
The d i f f e r e n c e  i n  pressure  p r o f i l e s  of tests N1, N 2  and 
tes ts  N3, N4, and N5 cannot be a t t r i b u t e d  t o  ins t rumenta t ion  o r  
upstream s tagnat ion  condi t ions .  I t  must t h e r e f o r e  be assumed t h a t  
I some i n t e r n a l  contour change, caused by ho t  gas e ros ion  o r  scor ing  
by diaphragm p a r t i c l e s ,  a l t e r e d  t h e  flow. 
S t a t i c  p re s su res  on the upper and lower w a l l s  w e r e  
measured and t h e  v a r i a t i o n  w a s  assumed l i n e a r  a c r o s s  t h e  passage 
t o  e v a l u a t e  Mach number v a r i a t i o n  f o r  t e s t  N 5  a s  shown i n  Figure 22 . 
T o  improve t h e  flow a boundary l a y e r  b leed  s l o t  was machined i n  
the  upper wa l l ,  bu t  t e s t  N7 showed no s i g n i f i c a n t  e f f e c t .  (see 
F igure  23.) A subsequent test, Nll was run wi th  a combustion 
d r i v e r  and high pressure-temperature cond i t ions  t o  determine 
whether t h e  non-uniform flow was caused by off-design s t agna t ion  
cond i t ions .  This  t es t  provided incomplete r e s u l t s  (Figure 24) b u t  it 
s t i l l  i n d i c a t e d  d i f f e r e n t  pressures  on t h e  upper and lower walls. 
Conclusions f o r  P r o q r a m  (A) : 
The d i f f e r e n c e  i n  s t a t i c  p re s su res  measured on t h e  upper and 
lower w a l l s  i n  tes ts  N 5 ,  N 7  and Nll i n d i c a t e s  t h a t  e r r o r s  i n h e r e n t  
i n  t h e  design o r  f a b r i c a t i o n  o t h e  duct  w e r e  s u f f i c i e n t  t o  produce 
$1 
a Mach number and pressure gradient across the duct. The only 
static pressure determined in the early tests N-5 and N-7 were wall 
static pressures. 
Figure 23 and 2 4 ,  the Mach number distribution is computed as shown. 
The mass-averaged pressure recoveries from shock tunnel stagnation 
conditions are computed respectively at .46 and .75. It is 
believed that the poor flow leaving the 14O turning passage was 
If a linear variation is assumed as shown in 
caused by 
a) the alteration of the nozzle contour caused 
by the shrinkage of the throat insert during assembly 
welding. Although considerable handwork was performed 
to correct the contour, it did not match the design shape 
and may have initiated the didturbances which caused the 
non-uniform flow. 
b) the different boundary layer structures on the 
upper and lower walls caused by the different curvatures, 
In design, an equal displacement thickness correction 
was applied to both walls. 
the viscous effects of a high aspect ratio throat. 
An axisymmetric nozzle before turning might eliminate 
this problem. 
c) 
0 Proqram B) Although the flow leaving the 14 turn passage was not 
uniform it was decided to test downstream because 
a) in the full facility, thePGA would probably be 
required to operate on flow which was non-uniform. 
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b) t h e  t es t  program was p r imar i ly  concerned 
wi th  t h e  180 tu rn ing  passage: t h e  cons t an t  a r e a  
duc t  and tu rn ing  passage w e r e  added a s  secondary 
cons idera t ions .  
0 
The second group of t e s t s  surveyed t h e  discharge of flow a t  
the  end of a seven-foot constant  a r e a  duc t .  The seven-foot 
l eng th  was chosen because t h e  flow i n  t h e  PGA device would be 1 
through a cons tan t  a r e a  duct  with l eng th  varying from ze ro  up t o  
and as much a s  60 f e e t  by v i r t u e  of t h e  moving p i s ton .  Seven f e e t  
was a convenient length  f o r  t h e  GASL f a c i l i t y .  The e f f e c t  of 
t he  cons t an t  area d u c t  tested i s  thus  only  q u a l i t a t i v e ;  a ze ro  
l eng th  duct  would'obviously make no change on t h e  discharge of 
t h e  14 t u r n i n g  passage. A s p l i t t e r  p l a t e  w a s  incorpora ted  a t  
t h e  upstream end of t h e  constant  a r e a  duc t  t o  remove some of t h e  
boundary l a y e r  t o  improve t h e  flow. However, t h i s  s p l i t t e r  p l a t e  
was n o t  very  e f f e c t i v e  a s  shown i n  F igure  25. A t  t h e  downstream 
end of t h e  cons t an t  a rea  d u c t  a modest expansion was then in-  
corpora ted  f o r  t h e  l a s t  1% f e e t ,  as  shown i n  Figure 26,  i n  t h e  
hope t h a t  such expansion would provide a l a r g e r  core  of uniform 
flow. I n  e a r l i e r  t e s t s  Mach num3ers  w e r e  deduced on t h e  assumption 
of a l i n e a r  s t a t i c  pressure  d i s t r i b u t i o n .  However, t h e  use  of 
cone s u r f a c e  p re s su res  more accu ra t e ly  r e f l e c t s  t h e  s t a t i c  p res su re  
v a r i a t i o n  ac ross  each s t a t i o n  of i n t e r e s t .  Surveys w e r e  made of 
t h e  p i l o t  p re s su re  a t  t h e  end of t h e  cons tan t  a r e a  d u c t  and of 
0 
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the cone surface pressure to allow the computation of Mach 
number distribution across the duct. Mach number and stagnation 
pressures have been based on Figure 27 which applies to the 
probe used. 
pressure rake as shown in Figure 28. 
section on the constant area duct continued to maintain a fully- 
developed pipe-flow profile, as shown in Figure 2 9  (pitot pressure). 
Figure 30 (cone pressure), and Figure 31 (Mach number and 
stagnation pressure) . 
The cone pressure rake was adapted from the pitot 
The flow from the expansion 
Conclusions for Proqram (B) : 
The Mach number distribution measured at the end of the 
constant area duct is moderately reduced from the values computed 
at the entry as can be seen by comparing Figures 31 and 23. It 
would appear that the flow disturbances originating in the first 
turn or entry continue in the constant area duct and cause a modest 
redistribution of the flow to a more symmetric one but at lower 
Mach numbers with a substantial pressure loss. Based on the assumed 
linear static pressure distribution at the entry to the constant area 
duct, the pressure recovery in the duct is .53 based on test N-5 or .33 
based on N-7. 
Program C) The first attempts to pass air through the 180 turning 
duct as it w a s  originally designed was unsuccessful. The flow un- 
started as evidenced by a pressure trace on the wall of the passage 
(Figure 32) and by the pitot pressure measured at the end of 
the duct (Figure 3 3 ) .  
0 
Wall static pressure within the 180° 
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t u r n  w e r e  very high on t h e  in s ide  w a l l  a s  shown i n  Figure 34. 
The flow conf igura t ion  was assumed analagous t o  t h e  sketch a t  
t h e  bottom of Figure 32  which was c o n s i s t e n t  with all da ta  taken.  
Poss ib le  causes of t h e  f a i l u r e  t o  s t a r t  a r e :  
t h e  design was based on a h o t  gas  whereas t e s t  
condi t ions  were co ld  
t h e  a c t u a l  e n t e r i n g  flow was non-uniform, whereas 
a uniform flow had been presumed 
t h e  minimum a r e a  i n  the duc t  was less than t h e  a r e a  
requi red  f o r  swallowing a shock during s t a r t i n g  
0 T o  inc rease  t h e  minimum area of t h e  180 tu rn ing  duc t ,  t h e  
e n t i r e  i n n e r  wal l  was t r a n s l a t e d  forward % inch,  i .e . ,  t h e  passage 
width i n  t h e  symmetry plane was increased  by $ inch as shown i n  
F igu re  35. The p i t o t  p ressures  and cone p res su res  of F igures  36 
and 37  def ined  t h e  Mach number and s t agna t ion  p res su res  of Figure 3 8 .  
I n  a d d i t i o n ,  wal l  su r f ace  pressures  w e r e  measured dcring- t h e s e  tes ts  
and t h e  r e s u l t s  a r e  shown i n  Figure 35 and can be compared wi th  t h e  
w a l l  p r e s su res  i n  Figure 34 of t h e  u n s t a r t e d  duct .  Note t h a t  t h e  
p r e s s u r e  r i s e  of t h e  inne r  wal l  o f  t h e  modified t u r n  i s  l e s s  severe.  
Because s t a r t i n g  of t h e  turn ing  passage was accomplished by 
2 5  
$ inch t r a n s l a t i o n  of  t h e  inner  w a l l ,  it was t r a n s l a t e d  3/8 inch  
f u r t h e r  t o  see  i f  f l o w  could be f u r t h e r  improved. The cone and 
p i t o t  p ressures  a r e  shown i n  F igures  3 9  and 40, and t h e  c a l c u l a t e d  
Mach numbers and s tagnat ion  p res su res  a r e  on Figure 41. The w a l l  
p re s su res  a r e  shown i n  Figure 42. It i s  apparent  from t h e s e  
p re s su res  t h a t  a more uniform flow w a s  discharged from t h e  f i r s t  
180 duc t  with t h e  smal le r  enlargement. 
0 
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A mass-averaged computation of t h e  recovery through t h e  180 
duc t  i n d i c a t e s  t h a t  t h e  f i r s t  con f igu ra t ion  wi th  an opening of one 
h a l f  inch developed p res su re  recovery of 51%. The second conf igu ra t ion  
with a l a r g e r  v a r i a t i o n  i n  p re s su re  across t h e  passage provided a 
recovery of 58%, b u t  it w a s  f e l t  t h a t  t h e  lower recovery wi th  
higher  uniformity was p re fe rab le .  
The mass-averaged recovery,  was de f ined  as follows: 
where : a\cJ'=A 4' A 4; 
Ad;, Incremental  m a s s  flow through 
A A i  incremental  a r e a  
pi, d e n s i t y  i n  a r e a  A 
1 
i 
v' v e l o c i t y  through a r e a ,  Ai 
L j  
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and V a r e  func t ions  of Mach number, t o t a l  p ressure ,  and t o t a l  P i  i 
temperature.  The t o t a l  temperature was assumed cons t an t  a t  t h e  
shock tunnel  supply value.  Conservation of m a s s  w a s  s a t i s f i e d  
i n  t h e  numerical da t a  reduct ion  when 1 Aw. checked 1 W .  w i th in  
i 1 J 7 
5% f o r  Modif icat ion I and within 9% f o r  Modif icat ion 11. 
Conclusions of Proqram 1 ~ )  
The 180° t u rn ing  duc t  when modified provided a good p res su re  
r a t i o .  Inasmuch a s  t h e  flow was most a f f e c t e d  by t h e  long 
compression su r face  o f  t h e  outer  wa l l ,  and t h e  gas  n e a r  t h e  inne r  
w a l l  w a s  of lower dens i ty ,  it i s  be l i eved  t h a t  t r a n s l a t i n g  t h e  inne r  
w a l l d i d  not  v i o l a t e  t he  t h e o r e t i c a l  design too  se r ious ly .  The 
main e f f e c t  of t h i s  t r a n s l a t i o n  w a s  t o  improperly cance l  t h e  
compressions of t h e  o u t e r  wal l  a s  shown by t h e  wa l l  s t a t i c  p re s su res .  
0 The 180 tu rn ing  passage does reverse  the  d i r e c t i o n  of supersonic  
flow with reasonable  p re s su re  recovery. 
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V I I I .  PRELIMINARY MECHANICAL DESIGN OF THE PISTON GAS ACCELERATOR 
A .  In t roduc t ion  
A prel iminary mechanical design of t h e  p i s t o n  gas  
a c c e l e r a t o r  i s  presented  i n  t h i s  s e c t i o n ,  which permits  achievement 
of t h e  des i red  p i s t o n  v e l o c i t y  of 3000 f-t /sec with an i n i t i a l  
acce le ra t ion  of t h e  o r d e r  of 4000 g ' s .  I n  a d d i t i o n ,  t h e  p i s t o n  gas  
a c c e l e r a t o r  (PGA) can be cons t ruc ted  by ord inary  f a b r i c a t i o n  techniques 
using common m a t e r i a l s  ope ra t ing  wi th in  t h e i r  s a f e  des ign  l i m i t s .  
B. P r i n c i p l e  and Descr ip t ion  
The piston gas  a c c e l e r a t o r  w i l l  o p e r a t e  i n  accordance 
wi th  t h e  scheme descr ibed  previous ly  i n  Sec t ion  11. W e  m u s t  f i r s t  
a c c e l e r a t e  t h e  p i s t o n  a t  4000 g ' s  t o  a v e l o c i t y  of 3000 f t / s e c .  
i n  a 60 foot long a c c e l e r a t i o n  cy l inde r .  Since t h e  space w i t h i n  
t h e  acce le ra t ion  cy l inde r  i n  f r o n t  of  t h e  moving p i s t o n  i s  evacuated, 
t h e r e  i s  no requirement t h a t  t h e r e  by any p a r t i t i o n  between t h e  i n l e t  
and o u t l e t  vanes of t h e  p i s t o n  u n t i l  t h e  p i s t o n  reaches t h e  t e s t  
section cyl inder .  However, i n  t h e  tes t  s e c t i o n  c y l i n d e r  we  m u s t  
prevent  the e n t e r i n g  t e s t  gas  from bypassing t h e  t u r n i n g  passages 
and thereby prevent ing proper gas  a c c e l e r a t i o n .  This  must be 
accomplished by some method of p a r t i t i o n i n g  which i s o l a t e s  each 
of t he  passages from one another  whi le  t h e  p i s t o n  i s  wi th in  
t h e  t e s t  sec t ion .  
W e  have considered two approaches i n  d e t a i l  t o  t h e  s o l u t i o n  
of t h i s  problem, and t h e s e  are i l l u s t r a t e d  i n  F igu res  43 and 44. One 
i s  t o  allow a c y l i n d r i c a l  p a r t i t i o n  f i n g e r  t o  t r a v e l  w i th  and be 
pos i t ioned  forward of t h e  p i s t o n  a s  shown i n  F igure  43. Longi tudinal  
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s e a l s  a r e  pos i t i oned  on t h e  ex te rna l  f i n g e r  s u r f a c e  t o  prevent  
bypass f l o w  between passageways u n t i l  the  p i s t o n  has  passed 
the gas  e n t r y  and e x i t  p o r t  loca t ions .  
diaphragms which can be read i ly  sheared by the p i s t o n  are loca ted  
a t  the  p o r t s  i n  each of t h e  four passageways t o  permit  shock 
tunnel  gas  to :  
Disposable curved 
e n t e r  the  t es t  sec t ion  and be d i r e c t e d  toward 
the  moving oncoming p i s t o n  
. discharge t o  the s t a t i o n a r y  t u r n i n g  vane af ter  
being a c c e l e r a t e d  through t h e  f i r s t - s t a g e  p i s t o n  
tu rn ing  vanes 
. reenter:  the  second t e s t  section passageway ( i n  
a plane perpendicular  t o  the f irst  t e s t  s e c t i o n )  
l ead ing  towards the oncoming second s t a g e  p i s t o n  
t u r n i n g  passage 
and f i n a l l y ,  exhaust through a d ischarge  nozzle  
t o  a t e s t  chamber. 
These func t ions  of t h e  diaphragms are accomplished wi th in  t h e  t i m e  
i n t e r v a l  during w h i c h  the  p i s ton  i s t r a v e l i n g  w i t h i n  t h e  tes t  
s e c t i o n .  A f t e r  completing t h e i r  func t ion ,  t h e  diaphragms are 
sheared  by t h e  p i s t o n  as  it leaves the t es t  s e c t i o n  j u s t  prior t o  
e n t e r i n g  t h e  d e c e l e r a t i o n  sec t ion .  
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A second design approach i s  i l l u s t r a t e d  i n  Figure 44, wi th  a 
break-away v i e w  shown i n  Figure 45. H e r e ,  i n s t e a d  of a moving 
p a r t i t i o n ,  t h e r e  a r e  four  s t a t i o n a r y  p a r t i t i o n s  i n  t h e  form of 
" long i tud ina l  diaphragms" fas tened  t o  t h e  open s i d e  of each Of 
t h e  passageways wi th in  t h e  t e s t  s e c t i o n  for t h e  e n t i r e  t e s t  gas  
c y l i n d e r  length.  To serve  t h e  same func t ions  explained previous ly  
t h e s e  four diaphragms a r e  curved a t  t h e  e n t r y  and e x i t  p o r t  
l oca t ions .  
I n  comparing these t w o  approaches, we see t h a t  t h e  major 
advantage of t h e  "moving p a r t i t i o n  f i n g e r "  approach i s  t h a t  it 
r e q u i r e s  a m i n i m u m  amount of diaphragm shear ing ,  and t h i s  shear ing  
t a k e s  place when t h e  t e s t  gas has  been d ischarged  f r o m  t h e  t e s t  
sec t ion .  The disadvantages of t h i s  approach are t h a t  t h e  p i s t o n  
must support and move t h e  long p a r t i t i o n  forward of i t s e l f :  t h e  
p i s t o n  s t r u c t u r e  must be capable  of wi ths tanding  h igh  stresses 
r e s u l t i n g  from acceleration loads  on both  i t s e l f ,  and t h e  
cummulative e f f e c t  of t h e  loads  on t h e  p a r t i t i o n  f i n g e r .  A moving 
s e a l  i s  required a t  each l i n e  of c o n t a c t  betweenfinger and w a l l .  
The f inge r  must resist column f a i l u r e  from t h e  h igh  a c c e l e r a t i o n .  
These f a c t o r s  cause a r e l a t i v e l y  h igh  p i s t o n  weight ,  which i n  t u r n  
r e q u i r e s  a high d r i v e r  p r e s s u r e  f o r  a g iven  a c c e l e r a t i o n  s e c t i o n  
length.  The d e c e l e r a t i o n  c y l i n d e r  des ign  i s  f u r t h e r  complicated 
by t h e  space requirements of t h e  f i n g e r .  
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The ' longitudinal diaphragm" approach r e q u i r e s  diaphragms 
sheared f o r  t h e  e n t i r e  length  of p i s t o n  t r a v e l  through t h e  tes t  
s e c t i o n ;  however, it has an advantage i n  pe rmi t t i ng  s i g n i f i c a n t l y  
lower p i s t o n  stresses, and t h e r e  i s  no l eng th  l i m i t a t i o n  on t h e  
t e s t  gas  sec t ion .  For a given t e s t  s e c t i o n  l eng th ,  a lower p i s t o n  
weight and t h e r e f o r e  lower d r ive r  pressure  and o v e r a l l  cy l inde r  
p re s su re  a r e  required.  For t h e  p a r t i c u l a r  PGA design eva lua ted ,  
p re s su re  requirements f o r  t h e  " p a r t i t i o n  f i n g e r "  as compared t o  
t h e  " l o n g i t u d i n a l  diaphragm" approach a r e  reduced from 6000 p s i  
t o  2200  p s i .  
A f t e r  eva lua t ing  both approaches, it w a s  concluded t h a t  t h e  
" long i tud ina l  diaphragm" design approach should be used. .The 
advantages of designing f o r ,  and working w i t h  t h e  lower p re s su res  
and lower p re s su re  d i f f e r e n t i a l s  r equ i r ed  i s  s i g n i f i c a n t .  The 
o v e r a l l  c o s t  of t h e  PGA assembly l ikewise  w i l l  be s i g n i f i c a n t l y  lower. 
Fu r the r ,  shear ing  of t h e  diaphragm does no t  impose any s e r i o u s  
problems i f  t h e  method of replacement of t h e  diaphragm is  kept  simple. 
A f t e r  pass ing  through t h e  t es t  s e c t i o n  t h e  p i s t o n  i s  brought 
t o  rest i n  a d e c e l e r a t i o n  sec t ion  having a l eng th  of 60 f t .  This  
s e c t i o n  does n o t  r e q u i r e  diaphragms t o  s e p a r a t e  t h e  flow passages,  
because t h e  t e s t  i s  terminated when t h e  p i s t o n  l eaves  t h e  tes t  
sect ion .  
C S p e c i f i c  Mechanical Desiqn Objectives 
I n  an e f for t  t o  achieve s a t i s f a c t o r y  opera t ion  with a 
minimum of development t ime,  
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common materials 
operation within safe limits of design, and 
simple methods of fabrication 
have been used throughout the design. The diaphragm installation 
has been designed for easy replacement of expended diaphragms and 
also for easy adjustment to accommodate changes in diaphragm length 
as experimental test conditions change. 
accomplished with a view towards endurance of components and 
reproducibility of test results. 
The design has also been 
D. Component Desiqn Factors 
The computational procedures, stress relationships 
and material properties on which the current preliminary design is 
based are included in an appendix to this report. 
description of each component of the PGA follows with a statement 
of operating conditions and design criteria. 
A brief 
The components considered 
are : 
1. 
2. 
3 .  
4. 
5. 
6. 
7. 
8. 
Combustion Chamber 
Piston 
Acceleration Cylinder & Deceleration Cylinder 
Test Section Cylinder 
Diaphragms 
Bearings 
Seals 
Primary Structure 
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A t o t a l  f a c i l i t y  layout  has been shown i n  Figure 8. 
1. Combustion Chamber 
The combustion chamber i n  which t h e  hydrogen-air helium 
mixture i s  burned t o  provide dr iv ing  fo rce  t o  t h e  p i s t o n  i s  a simple 
p re s su re  ves se l .  
wi th  f langed ends. A wal l  th ickness  of 1 inch on an i n s i d e  diameter 
of 1 2  inches provides  adequate s t r e n g t h  f o r  t h e  maximum p r e s s u r e . o f  
2200 p s i .  A n  i g n i t i o n  system a s  used i n  shock tunnel  systems w i l l  
be mounted along t h e  chamber. 
I t s  40-foot length w i l l  be made i n  t w o  s e c t i o n s  
2. P i s ton  
Rela t ionships  between p res su res ,  a c c e l e r a t i o n s ,  p i s t o n  
s i z e  and weight, l eng ths  of t r a v e l  and gas  p r o p e r t i e s  are given 
i n  t h e  appendix. 
and a maximum 4000 g acce le ra t ion  and d e c e l e r a t i o n  
t h e  p i s t o n  has  been designed tak ing  i n t o  account t h e  
cc~pressive Inads during acce le ra t ion ,  t e n s i l e  loads  during 
d e c e l e r a t i o n ,  buckling, and loads r e s u l t i n g  from gas p re s su re  wi th in  
Based on t h e  conf igu ra t ion  shown i n  F igures  45 and 46, 
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t h e  tu rn ing  vanes. The turn ing  vane assemblies  w i l l  be f a b r i c a t e d  
o r  welded t i t an ium shee t  fas tened t o  an aluminum backpla te .  The 
i n d i v i d u a l  duc ts  a r e  composed of curved p l a t e s  welded t o  s t r a i g h t  
s i d e  p l a t e s .  The s i d e  p l a t e s  extend beyond t h e  gas  f l o w  duc ts ,  t o  
t r a n s m i t  a c c e l e r a t i o n  loads  t o  t h e  p i s t o n  backplate .  
3 3  
During deceleration, the piston assembly is subjected to 
a tensile load equal to the compressive loading during acceleration. 
The bolting arrangement which fastens the turning vanes to the back- 
plate withstand the deceleration of 13,500 lbs on each of 12 % inch 
high-strength bolts. 
The stresses in the turning vane walls have been calculated by 
assuming the duct walls to be simply supported across the 3 . 9  inch 
span. Wall thickness of % inch is adequate for pressures of 150 
psi. At locations with lower pressures, the wall thickness can be 
trimmed. The estimated weight of the piston composite described 
in Figures 45 and 46 is 40 lbs. 
3 .  Acceleration and Deceleration Cylinders 
The general outline of the cylinder assembly can be seen in 
Figures 46 and 47.  The acceleration cylinder serves as a pressure 
vessel to contain the driving gas as it propels the piston, and 
provides accurately machined surfaces to guide the piston and restrain 
leakage past the piston. The deceleration cylinder performs similarly, 
except that the pressure difference across the piston is reversed to 
reduce the piston velocity. The cylinder is fabricated by inserting 
and fastening machined inserts into a cylindrical tube to form the 
cruciform shape required for the piston outline. We conservatively 
assume only 8 points of contact between the inserts and the cylindri- 
cal shell so that the maximum stresses in the shell are the resultant 
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of t h e  stresses r e s u l t i n g  from c i rcumferent ia l  t ens ion  and a 
f l exura l  s t ress  from the  bending moment due t o  t h e  assumed 8 
point  loading. S t r e s s e s  <ire i n  a range where an a v a i l a b l e  
carbon s tee l  mater ia l  i n  t he  order of 1 i n .  th ickness  can be 
used. There a r e  a t o t a l  of 8 s imi la r  i nd iv idua l  cy l inde r s ,  each 
with length o f  1 5  f t .  These a re  u t i l i z e d  i n  two groups of 4 
cy l inde r s  each, fo r  acce le ra t ion  and dece le ra t ion  r e spec t ive ly .  
The cy l inde r s  a r e  flanged, and c a r e f u l l y  a l igned  during f ab r i -  
ca t ion  and assembly t o  permit movement of t h e  p i s ton  during tes t  
opera t ions .  
4 .  T e s t  Sect ion Cylinder 
A s  i l l u s t r a t e d  i n  Figures 45 and 47  t h e  t es t  sec t ion  
cy l inde r  i s  b a s i c a l l y  s i m i l a r  to t h e  cy l inde r s  descr ibed above 
(Figure 46 ) .  However it i s  up t o  60 f t .  i n  length  and conta ins  
provis ions  a t  t h e  po in t  of t e s t  gas  e n t r y  t o  f a c i l i t a t e  movement 
of t h e  tes t  gas  i n  and out of t h e  cruciform-shaped passageways. 
These provis ions  a r e  i n  t he  form of  ducted coverp la tes  which a r e  
f a s t ened  t o  the  c y l i n d r i c a l  sur face .  The w a l l s  of t h e  ex te rna l  
duc t s  a r e  about 1 inch th ick .  Provisions are made wi th in  t h e  
cruciform f o r  fas ten ing  of t h e  four diaphragms. The diaphragms a r e  
i n s e r t e d  i n t o  pos i t i on  through t h e  coverp la te  holes  and then clamped 
i n t o  p o s i t i o n  by means of screws extended through t h e  cy l inder  s h e l l  
and bear ing  upon long s e a l i n g  bars ,  extending t h e  length of t h e  
c y l i n d e r .  A t  t h e  poin ts  of t e s t  gas  e n t r y  and e x i t ,  an i n s e r t  is 
used t o  f a s t e n  t h e  curved portion of t h e  diaphragms i n  place.  For 
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ease of fabrication, four fifteen-foot sections of test cylinder 
will be joined by flanges with alignment accurately controlled by 
reference pins. 
5. Diaphragms 
The longitudinal diaphragms which provide flow separation 
are fabricated of a thin gauge metallic sheet with edge rein- 
forcement to facilitate installation. Although many materials 
are suitable for use, ordinary low carbon steel provides an optimal 
combination of thermal and strength characteristics. For a 5-mil 
thick sheet the pressure-induced stresses which depend on the dia- 
phragm curvature can be maintained below the 39,000 psi yield stress 
at room temperature: the material temperature rise which depends on 
its specific heat under the most severe operating conditions of time 
and heat transfer can be kept under 500 F. 0 
Shearing of the diaphragm is accomplished by means of cutting 
blades located on the leading edge section of the piston turning vanes. 
For the thickness given, a tear strength in the order of 5 lb force 
is required for each surface cut, so that shearing of the diaphragm 
requires only a small force compared to that required to accelerate 
the piston. The sheared diaphragm is gathered by the piston in a 
space inside the two turning ducts (See Figure 45.) 
6 .  Bearinqs 
Strip bearings are used to accommodate the high sliding 
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velocity of the piston within the cruciform channel. The strip 
bearings are mounted on the piston. A suitable bearing strip 
assembly is a composite bearing material consisting of a low 
carbon steel backing into which is sintered a thin porous layer 
of spherical bronze which is in turn impregnated with teflon 
and molybdenum disulphide. 
The bearing contact area can be adjusted to withstand the . 
friction-generated heat. A two square foot bearing surface with 
a friction coefficient of -18 and conductivity of 2 BTU/hr-ft- F 
will suffer a 200 F temper3ture gradient across the bearing. How- 
ever, the material is suitable for operation at over 500 F in 
either high or low pressure environments. 
0 
0 
0 
7. Seals 
Seals are required on the rear outer perimeter of the 
piston to prevent driver combustion gases from entering the evacu- 
ated cylinder area. These seals can be adjustable self-energizing 
bronze strip seals mounted to the piston. A double seal arrangement 
with a gas accumulator section between the seals to retain combustion 
gas that may leak past the seals exposed to the combustion gas is 
made possible by* void volume of the piston between the back 
plate and the turning passages as shwwi i i i  Ffgures 35 arid 46. 
8. Primary Support Structure 
The structural support for the piston gas accelerator 
must withstand the reaction to the foundation resulting from 
acceleration and deceleration forces. The support will be a 
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thrust leg structure as shown in Figure 48 similar to that used 
for combustion type shock tube wind tunnel facilities. Rubber in 
compression type dampers are used between the legs and foundation. 
The legs act as pin connected struts transferring the thrust to 
the steel bars embedded in concrete as tension and compression 
members. 
E.  Conclusions: 
Each of the components of the Piston Gas Accelerator is 
amenable to design by current techniques and fabrication with 
available materials by simple methods. Notwithstanding the extreme 
test conditions which are developed, forces and heat loads are not 
excessive. 
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I X .  PRELIMINARY COST ESTIMATE 
A pre l iminary  p r o j e c t i o n  of costs  f o r  mater ia l s  and 
f a b r i c a t i o n  of the P i s t o n  G a s  Accelerator has been prepared.  
I t  i s  based on d i s c u s s i o n  w i t h  s u p p l i e r s  wherein on ly  approxi- 
m a t e  d e s c r i p t i o n s  of t h e  assemblies w e r e  used,  and on exper ience  
i n  des igning  and e r e c t i n g  other f a c i l i t i e s  on our s i t e  as w e l l  
as for  o t h e r s .  
1. 
2. 
3 .  
4. 
5 .  
6 .  
7 .  
8. 
9. 
N o  
shel ter  
P i s t o n  A s s e m b l y  $ 6,000 
Accelera t ion  and Decelera t ion  Cyl inders  
8 s e c t i o n s  of  1 5 f t .  l ength  @ $10,000 ea. 80,000 
T e s t  Sec t ion  Cylinders 
4 s e c t i o n s  of  15  f t  l ength  a t  $20 ,000  ea. 80,000 
Combustion Cylinders  
2 s e c t i o n s  of  2 0  f t  l ength  @ 8 , 0 0 0  ea .  16,000 
T e s t  chamber and dump t ank  21,000 
Vacuum System 11,000 
A l t e r n a t e  d r i v e n  shock tube  19 ,000  
Mounting Support Assembly 7 , 0 0 0  
$ 242,000 
cos ts  are included for conc re t e  foundat ions ,  supplementary 
o r  ins t rumenta t ion .  Gases fo r  a c c e l e r a t i o n  and dece le r -  
a t i o n ,  and r e p l a c e a b l e  diaphragms have been omit ted because t h e y  
are c o s t  i t e m s  a s soc ia t ed  with t e s t  programs. 
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X. PRELIMINARY SCHEDULE: 
A t i m e  schedule t o  f a b r i c a t e ,  assemble and check ou t  the 
P i s ton  G a s  Accelerator  has been prepared. 
d e l i v e r y  quota t ions  by s u p p l i e r s .  
beginning of c o n t r a c t  t o  operable 
by t i g h t  coord ina t ion ,  b u t  t e s t  programs s l i p  from unforeseen 
I t  i s  based on c u r r e n t  
The t o t a l  e lapsed  t i m e  from 
f a c i l i t y  m i g h t  be shortened 
cont ingencies .  Therefore ,  t h i s  conse rva t ive  schedule  i s  pre-  
sen ted .  
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XI. RECOMMENDATIONS 
A system has been developed t o  provide high-enthalpy high- 
p re s su re  t e s t  coi idi t ions,  a pre l iminary  design has  been prepared 
and one v i t a l  component has  been t e s t e d .  It  i s  recommended t h a t  
t o  minimize t h e  r i s k s  a t t endan t  with f a c i l i t y  development, t h a t  
f u r t h e r  e f f o r t s  t o  b u i l d  t h e  PGA be separa ted  i n t o  two phases .  
I n  t h e  f i r s t  phase a d e t a i l e d  des ign ,  shop drawings and spec i -  . 
f i c a t i o n s  s h a l l  be produced which a r e  adequate f o r  GASL t o  s o l i c i t  
f i r m  vendor b ids  or t o  make a f ixed  p r i c e  proposal .  Addi t iona l  
aerodynamic tes ts  D f  a s t a t i o n a r y  2 pass  system s h a l l  be performed. 
The r e s u l t s  of t h i s  f irst  phase -- a complete des ign ,  an a c c u r a t e  
c o s t ,  and a f i rm schedule - w i l l  t hen  provide t h e  b a s i s  f o r  a 
dec i s ion  t o  c o n t i n u e  wi th  t h e  second phase. The second phase wil l -  
inc lude  a l l  procurement, f a b r i c a t i o n ,  assembly and check out  
a c t i v i t i e s  necessary t o  have an operable  P i s ton  Gas Acce lera tor .  
The f i r s t  phase, t a s k s  (a) through ( f )  of t h e  Prel iminary Schedule,  
would r e q u i r e  5% months. I f  a month i s  r e q u i r e d  t o  e v a l u a t e  Phase 
I and t o  decide t o  support  Phase 11, t h e  f a c i l i t y  would be completed 
wi th in  14 months. 
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APPENDIX 
1) The p is ton  t r a j e c t o r y  i s  developed by t h e  r e l a t i o n s h i p s  of 
Reference 8 i n  which t h e  a c c e l e r a t i o n  i s  r e l a t e d  t o  t h e  p i s t o n  
p r o p e r t i e s  and gas  p r o p e r t i e s .  The b a s i c  r e l a t i o n s h i p  i s :  
2c 
7-1 
- -   where 'Y = r a t i o  of s p e c i f i c  h e a t s  
u = p i s t o n  v e l o c i t y ,  f t / s e c  
P 
C = speed of sound i n  p r o p e l l a r t  gas ,  f t / s e c  
P = i n i t i a l  gas  p re s su re ,  p s i  
S = p i s t o n  a r e a ,  sq. i n .  
0 
L = l ength  of t r a v e l  t o  a t t a i n  u f t .  
W = p i s t o n  w t ,  lbs. 
g = g r a v i t y ,  32.2 f t / s e c  
P' 
P 
2 
The i n i t i a l  a c c e l e r a t i o n  of t h e  p i s t o n  
Po s g 2 a =  f t / s e c  
W 
0 
P 
With a helium, hydrogen and a i r  mix ture ,  
= 1.5 C = 6000 f t / s e c  
44 
For a 75 sq. in. piston to reach a velocity, u , of 3000 ft/sec 
in a 60 ft length, 
P 
I 
P 
W 
- 54. and the initial acceleration, 0 - -  
P 
a = 4050 g's. A 40 lb piston requires an inital pressure, 
0 
P = 2160 psi. 
0 
2) The compressive stress, 0 ,  on a uniform structure under 
acceleration, a, is: 
a Pm x psi. - -   
om 9 
where 
3 = density of structural material, lbs/in m P 
X = length of structure in direction of 
acceleration, (15 inches for this piston) 
I therefore the material strength-weight ratio, - , 
pm 
3 must be: - -  - 4050 x 15 = 61 x 10 in. 
om 
pm 
Typical values are: 
3 
3 
3 
Aluminum 2017-T4 396 x 10 in. 
Beryllium Copper 437 x 10 in. 
410 Stainless Steel 416 x 10 in. 
3 
SAE 4340 Alloy steel (heat treated) 528 x 10 in. 
Titanium alloy (aged andwelded)1030 x 10 in. 3 
45 
A 15 foot center-body piston would require I 
3 Qm - = 4050 x 180 = 730 x 10 in 
pm 
and a 60-ft center-body could not withstand the compressive stress. 1 
4 The stress in a piston of titanium alloy whose density is.163 lbs/i 
is 4050 x .163 x 15 = 10,000 psi. 
3) The Euler buckling criterion for a column with one end fixed. 
and concentrated load has been applied to the section of the piston 
gas duct with the lowest moment of inertia 
2 
V E1 
2 4L 
where F =  cr 
6 2 E = 17 x10 lb/in for titanium 
L = 1 2  in 
min I = 2.43 for 1/4 in. wall thickness 
F = 707,000 lb cr 
which is well above the total accelerating force: 
F = 4050  x 40 = 162,000 lbs. 
4) The turning vane walls when considered as uniformly-loaded, 
simply-supported beams develop a maximum flexural stress: 
where, if p = pressure within turning vane = 150 psi 
= unsupported span = 3 . 9  in. 
t = wall thickness = .25 in 
46 
= 27,400 psi 
‘b 
Where the walls have lower pressures and some degree of end 
fixity thinner walls could be used. 
5) The combustion cylinder requires satisfaction of hoop stress 
only : P d  
0 
. The acceleration cylinder, however, must satisfy the flexural 
stress of point loading. 
W R  1 1 
( -  - - )  e fb= -2 sin6 
71 d Po 
where W, radial force, = = 10,175 lb 
a 
27 2e = - 8 e = .392 rad 
R = 6 i n  d = 1 2 i n  
t = 1 in. 
0 2160 x 12 ft = = 13,000 psi 
fb 
2 x 1  0 .  
) = 9150 psi - 10175 x 6 1 1 (.383 - -392 - 2 
f +- fb = 22,150 psi t 
. .  6 )  The tensile stress in the diaphragm is approximately 
= tensile stress (psi) St where : 
r = radius of curvature of diamragm (in) 
47 
0 
The bulk temperature rise ( A F ) of the diaphragm is: 
12 4 e 
A T  = 
P P L C  
Btu 
sec-ft 2) 
where 4 = heat flux ( 
8 = time (seconds) 
p = density (lb/ft 3 = 487 (carbon steel) 
L = thickness (inches) 
c = specific heat (Btu/lb-OF) 
P 
= .113 (carbon steel) 
For the most severe condition anticipated, we have 
2 4 = 1,760 Btu/sec-ft 
8 = 6.15 milliseconds 
For L = -005 in 
A T  = 
(12) (1760) (.00615) = 4720 
(487) (.005) (.113) 
For r = 8 inches, p = 14.7 psi. 
- 14.70 = 23,500 psi 
St - ,005 
The final temperature of the steel would be 472 + 70 = 542OF 
where the yield strength is 30,000 psi, so that our stress value 
of 23,500 p s i  would be safe. 
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TABLE I 
Inner  W a l l  
X i y  
0 
Coordinates of 180 Turninq Passaqe 
(See Figure 9) 
0 3.490 
6.056 3.490 
6.099 3 -488 
6 . 344 3.486 
6.197 O r i g i n  of Radius 
3.487 Radius 
Ou te r  W a l l  
X f v  
0 
1.422 
2.204 
3.271 
4.287 
5.023 
5.471 
5.911 
6.526 
7.024 
7.216 
7.760 
8 048 
8.286 
6.197 
5.269 
5.208 
5 - 169 
5.079 
4.933 
4.793 
4.695 
4.574 
4.381 
4.214 
4.162 
3.891 
3.745 
3.609 
Orig in  of Radius 
4.170 Radius 
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TABLE I1 
coord ina tes  of F i r s t  Turninq Passaqe (See F i q .  14)  
X 
0 
.055 
.112  
.174 
.236 
.303 
.371 
.444 
.498 
.52 3 
.619 
.692 
.755 
.826 
.914 
1.092 
1.300 
1.486 
1.873 
2.361 
2.927 
3.606 
3.844 
4.437 
4.855 
6.062 
7.506 
9.281 
9.330 
9.73 
10.38 
11.10 
11.99 
13  .OO 
14.18 
14.98 
16.10 
17.78 
19.78 
22.15 
24.94 
27.31 
28.16 
28.35 
-Y 
.067 
.070 
-073 
.078 
-084  
.091 
.098 
-108  
.115 
-118 
.132 
-143  
.153 
.164 
.178 
.205 
.233 
-256  
.298 
.350 
.415 
.497 
-526  
- 6 0 0  
.651  
- 7 7 0  
-862  
- 9 1 2  
.912 
.916 
.923 
.930 
.940 
.950 
. .962 
- 9 7 4  
.948 
.856 
.686 
.391  
+.040 
+.667 
+.707 
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- 
+Y 
Same 
II 
I I  
II 
II 
II 
II 
I I  
II 
II 
II 
II 
II 
I 1  
II 
I I  
I 1  
II 
II 
II 
I I  
I 1  
II 
I I  
I 1  
I I  
I I  
II 
11 
.922 
.969 
1.056 
1.176 
1.356 
1.608 
'p 
S t r aigh t Wall 
, 
3 
4.844 
Test  
N- 1 
N- 2 
N- 3 
N-4 
N-5 
N- 6 
N- 7 
N-8 
N-9 
N-11 
N-15 
N-16 
N-17 
N- 18 
N-19 
N-20 
N-22 
N-24 
N-25 
N-26 
N-27 
N-28 
N-29 
N-30 
N-33 
N-36 
Figure 
# 
20 
20 
21 
21 
21,22 
25 
23 
25 
25 
24 
29 
29 
29 
33,34 
33,34 
35,36 
35,36 
40,42 
40,42 
40,42 
30 
3 0  
39 
39 
37 
37 
P 
p s i a  
2980 
2820 
2880 
2820 
2750 
2820 
2950 
2850 
2800 
4340 
2930 
2930 
3000 
2960 
3060 
3180 
3120 
3220 
3310 
3240 
3020 
3 060 
3030 
3000 
3030 
3070 
0 
Table I11 
TEST PROGRAM 
Rake Measurements 
See Fig.  16 
1st Sta.  
1st Sta .  
1st Sta .  
1st Sta.  
1st Sta .  
2nd Sta.  
1st Sta.  
2nd Sta.  
2nd Sta.  
1 s t  S ta .  
2nd Sta.  
2nd Sta.  
2nd Sta.  
3rd Sta.  
p i t o t  
p i t o t  
p i t o t  
p i t o t  
p i t o t  
p i t o t  
p i t o t  
p i t o t  
p i t o t  
p i t o t  
p i  t o t  
p i t o t  
p i t o t  
p i t o t  
3rd Sta.  p i t o t  
3rd Sta.  p i t o t  
3rd Sta.  p i t o t  
3rd Sta.  p i t o t  
3rd Sta.  p i t o t  
3rd Sta.  p i t o t  
2nd Sta.  cone 
2i-id Sta. CORP 
3rd Sta .  cone 
3rd Sta .  cone 
3rd Sta .  cone 
3rd Sta .  cone 
5 1  
Comments 
Double Diaphragm tes ts  
and wal l  s t a t i c  
11 I 1  I t  
Combustion t e s t  
Double diaphragm 
0 
Unmod. 180 duct & wall  
s t a t i c  
II II I 1  II 
Mod. I 180° Duct h wall  
S t a t i c  
Mod. I 180° D u c t  & wal l  
S t a t i c  
0 Mod. I1 180 Duct & wall  
S t a t i c  
II 
II I 1  II II 
I I  II II 
Mod. I1 180° D u c t  & wal l  
S t a t i c  
II II II II 
Mod. I 180° D u c t  & wal l  
S t a t i c  
Mod. I 180° Duct & wal l  
S t a t i c  
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